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METABOLISM OF GLYCOGEN IN THE SKIN AND THE EFFECT OF XRAYS*
KENJI ADACHI, M.D.
Claude Bernard in 1859 described the presence
of glycogen in the keratogenous zone of the hoof
of the cow embryo (1). Since then, cutaneous
glycogen has been. studied in physiological and
pathological states with both chemical and histo-
chemical methods in numerous laboratories. It
has been suggested that glycogen metabolism
plays a role in such important functions as the
keratinization process, the hair cycle, and sweat
production. As yet however, practically nothing
definite is known about the synthesis, degrada-
tion and biological significance of glyeogen in the
skin.
Rothman (2) reviewed the literature up to
1954, and attributed our lack of knowledge in the
field mainly to two factors. First, the methods
used for isolation have been rather crude and un-
reliable. The glycogen content of the skin is low
and, therefore, quantitation has been difficult.
Second, the experimental procedures nsed for the
study of the role of cutaneous glyeogen in physio-
logical and pathological processes have not been
up-to-date. Particularly, no advantage has been
taken of radioactive tracer teehnics in these
studies.
Our present knowledge about dynamics and
factors regulating glyeogenesis and glycogenolysis
in liver and muscle are summarized in references
3 and 4. In brief, glycogen of liver and muscle is a
homopolysaceharide containing only D-glueosyl
units, which are arranged in a highly branched or
"tree" structure. The branching comes about by
some glueosyl units being linked to each other in
1-4 linkage while at the branching points carbon 6
also enters the linkage (fig. 1).
Glycogen synthesis originates from the basic
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compound uridinediphosphate glucose (UDPG),
a compound containing one molecule of the
nueleoside uridine (uraeyl-ribose), one molecule of
pyrophosphate and one molecule of glucose. The
glucose residues of this compound are split off and
linked together to form glycogen molecules.
The enzymes known to be specifically related
to glycogen synthesis and decomposition in mam-
malian cells (4) are:
1. Phosphorylase, which effects the synthesis
and destruction of a-l ,4' glueosidie linkages by
catalyzing the reversible reaction:
glucose-i-phosphate + polysaceharide
primer inorganic phosphate
+ glueosyl (a-i ,4') primer
2. UDPG-glyeogen transferase, which cata-
lyzes the reaction:
TJDPG + polysaceharide primer —, UDP +
glueosyl (a-i ,4') primer
3. Debranching enzyme, or amylo-i ,6-glueo-
sidase, which catalyzes the hydrolytic elimination
of single glueosyl residues bound in a-i ,6' link-
ages.
4. Branching enzyme, or amylo-(i ,4 — 1 ,6)
transglueonsidase, which under suitable condi-
tions transfers glyeosyl residues from a-i ,4' to
a-i ,6' linkage.
The present paper deals with a study of cu-
taneous glyeogen metabolism in which newly de-
veloped, reliable technics were used. These newly
developed technics have been described in detail.
METHODS
Isolation of Glycogen from the Skin
With regard to subsequent perfusion experi-
ments (see section under Technic of Perfusion of
Dog Skin) dog skin was used in the preparatory
work. The hair on the medial aspect of the thigh
was clipped as close as possible, and pieces of skin
were excised having an average surface area of 3
x 10 inches. In this body region the dog has a loose
subcutaneous layer from which the skin can be
separated with ease. The excised skin was lyo-
/5 /
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TABLE I
Isolation of chemically pure glycogen from dog skin
The skin is lyophilized and ground to a
powder. This powder is defatted, digested
with hot 30% KOll, dialyzed, depro-
teinized with 10% trichloroacetic acid.
The supernatant is dialyzed, transferred
to a Dowex 1 ion exchange column to
remove mucopolysaccharides. In the
effluent solution glycogen is precipitated
with alcohol.
philized and ground to a powder in a Wiley mill
with 20 mesh screen. The skin powder was ex-
tracted with ether in a Soxhlet extractor for 36
hours and the defatted skin powder was dried in
an oven at approximately 70° C. This powder
could be stored at room temperature in the
desiccator without decomposition of its glycogen.
Chemically pure glycogen was isolated in the
following way (see also abbreviated description in
Table I):
Step 1. Digestion: Thirty % potassium hydroxide
solution was added to the skin powder in a 50-ml.
steel centrifuge tube at the ratio of 3 ml. ROll
solution per gram of powder. The centrifuge tube
was placed in a hot boiling water bath for 45
minutes, and the digestion mixture was occa-
sionally stirred with a glass rod. It was then cen-
trifuged for 15 minutes at approximately 6000
r.p.m., whereby pigment material was sedimented.
In some samples residual fat collected on the
surface, and was removed either in a separatory
funnel or by filtration through glass wool. The
digest, free of pigment and of fat, was transferred
into a dialysis tube and dinlyzed against cold tap
water overnight to remove dialyzable material.
Step 2. Precipitation of proteins: Fifty % tn-
chloroacetic acid (TCA) solution was added to the
digest so as to obtain a final acid concentration of
10%. The mixture was kept in the cold room at 4°
C for 20 to 30 minutes to allow complete protein
precipitation. The mixture was then centrifuged
at 8,000 r.p.m. for 15 minutes. The supernatant
digest at this stage appeared translucent and
faintly tan. The supernatant was taken off
and again dialyzed against cold tap water for
12 hours and subsequently against frequently
changed distilled water for 6 hours.
Step 3. Removal of mucopolysaccharides:* Dowex
1 anion exchange resin (AG 1-X2, 200—400 mesh,
chloride form) was packed in a column 1.0 cm. in
inner diameter, 5 cm. in height. The column was
washed with 100 ml. of 1 N NaOll, 1000 ml. of 1
N llCl and finally with distilled water until the
pH of the eluate reached 5.5 to 6.0. The dialysate
obtained in Step 2 was allowed to pass the column
at the rate of approximately 20 drops per minute.
Mueopolysaccharides, polyuronides in particular,
not destroyed by the alkali digestion were ab-
sorbed on the column. Glycogen passed through
in a clear translucent eluate. The recovery of
glycogen was more than 98%, if the final washing
was done with not less than 10 ml. of water.
Step 4. Concentration of the glycogen solution: A
flash evaporator was used for evaporation of
water. The solution obtained in Step 3 was placed
in the evaporator flask and kept in a warm water
bath between 50° and 55° C. Running tap water
was applied to the condenser. The rate of water
evaporation was 4 to 6 ml. per minute. The volume
was reduced to approximately 0.5 ml. and the
solution was quantitatively transferred into a
12-ml. centrifuge tube. The final concentration of
the glyeogen was 0.5% or higher.
Step 5. Precipitation of glycogen: To the con-
centrated glycogen solution thus obtained, 2 N
* The author wishes to thank Dr. Anthony J.
Cifonelli, La Rabida-University of Chicago In-
stitute, for helpful suggestions.
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FIG. 1. Basic structure of the glycogen molecule. Ring on left indicates the conventional numbering
of carbon atoms in the glucose molecule. There are 1-4 (A) and 1-6 (B) glucosidic linkages in glycogen.
Branching comes about by the 1-6 linkages.
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solution of sodium chloride or lithium chloride
was added, 1 drop to each ml. Glycogen was
precipitated by adding 1.25 volumes of 95%
ethanol. The mixture was kept at 00 C for 30
minutes to facilitate precipitation, and subse-
quently centrifuged for 15 minutes at 3000 r.p.m.
The supernatant was decanted. The precipitated
glycogen was redissolved in 1 ml. of water and re-
precipitated with 95% ethanol. After the super-
natant was again decanted the precipitate was
washed successively with 65% and 100% ethanol
and finally with ether. The cutaneous glycogen
thus obtained was kept in a desiccator at room
temperature.
Alternative method: When the skin was used only
for isolation of glycogen it was not necessary to
prepare the skin powder. The excised skin speci-
men could be directly digested with 30% KOH
solution at the ratio of 1 ml. per 1 g wet weight of
skin. The digest was transferred into a separatory
funnel. Fat accumulated in the top layer and
could be easily separated from the lower portion.
The digest was dialyzed without prior centrifuga-
tion. The further steps were as described above.
Recovery percentage: Known amounts of com-
mercially available chemically pure glycogen
from rabbit liver were added to the skin powder
and the quantity of total glycogen was estimated
by use of the anthrone reagent (5, 6). The results
are summarized in Table II and show an average
recovery of 90.9 4.2%.
Identification of the Isolated Cutaneous
Glycogen and Tests of Purity (cf. Table III)
1. Iodine color reaction: Previous data (7, 8)
have indicated that the color of the glycogen-
iodine complex has a peak absorption between
470 and 515 mgi, depending on the source of the
glycogen. The glycogen isolated from dog skin
showed a typical dark purplish-brown iodine color
reaction. In appropriate dilution this color had a
peak absorption at 490 mgi as read in the Beckman
DK-1 spectrophotometer.
2. $pecific optical rotation: Cifonelli et al. (9)
found that the optical rotation of glycogen from
various sources is between [a]0 = 185 and 200.
Specific optical rotation of glycogen obtained from
skin specimens of three different dogs was meas-
ured in microcells. The values were [a} = 194,[a] = 189 and [a] = 191 respectively.
3. Degradation by phosphorylase: The specific
substrates of the enzyme phosphorylase are
amylopectin, glycogen and glucose-i-phosphate
(10). The enzyme splits off glucose residues from
the outer branches of the glycogen molecule. In
the present work the methods used were essen-
tially those of Con et al. (11, 12). Two to 3 mg
Absorption of
glycogen-iodine
complex
Optical rotation
[OlD
Phosphorylase
degradation
/3-amylase degra-
dation
Elementary
analysis
samples of cutaneous glycogen were subjected to
the effect of muscle phosphorylase (a commercial
product twice pruified) in order to remove the
outermost tier of the molecule. The degree of
hydrolytic splitting was calculated as the per-
centage ratio of liberated glucose-i-phosphate
(G-1-P) over the total initial glycogen. The
respective percentages were 27, 30 and 41%.
The commercially available phosphorylase was
crystallized only twice, and it was not sure
TABLE II
Recovery of glycogen added to skin powder
Recovery of Glycogen AddedOriginal
GlycogenContent
(mg)
1.331
1.292
1.300
1.332
1.298
1.299
1.323
1.290
Mean....
Glycogen
Added
(mg)
0.5
0.5
0.5
0.5
1.0
1.0
1.0
1.0
Total
Glycogen
Measured
(mg)
1.802
1.740
1.751
1.799
2.170
2.214
2.244
2.180
(nig)
0.471
0.448
0.451
0.467
0.872
0.915
0.921
0.890
(%)
94.2
89.6
90.2
93.4
87.2
91.5
92.1
89.0
90.9±4.2*
* Standard deviation.
TABLE III
Identification and proof of purity of cutaneous
glyco yen
Glycogen
from Liver
Glycogen
from Skin
470—515 mgi 490 mgi
185—200
30—40%
41—59%
C 44.48
H 6.22
N none
Ash none
44—94
Single peak
polydisperse
189—194
27—41%
48—51%
C 44.5
H 6.45
N none
Ash 0.4%
38—53
Single peak
polydisperse
Sedimentation co-
efficients S20(corr.) X i0'
Sedimentation
pattern
384 THE JOURNAL OF INVESTJGATIVE DERMATOLOGY
whether it contained small amounts of phospho-
glucomutase, phosphoglucoisomerase and fruc-
Lose-i , 6-diphosphatase as impurities. Therefore,
the split products of the supernatant were tested
for the presence of G-i-P, G-6-P and F-6-P by
subjecting the supernatant to qualitative analysis
by paper chromatography (13, 14). C-i-P was
easily identified by its HF values. Spots corre-
sponding with G-6-P and F-6-P were not found on
tbe paper. By these methods approximately 0.02 M
of G-6-P and F-6-P can be detected. Our negative
results indicate that G-6-P and F-6-P, were
present in negligible amounts, if at all.
4. Degradation by fl-amylase: The action of
3-amylase on glycngen is not specific. However,
the so-called "jl-amylase limit dextrin" of glyco-
gen, i.e., the core of the glycogen molecule which
remains undigested is a fairly well established
entity. Previous data (15) indicate that the deg-
radation of glycogen by fl-amylase is from 41 to
50%.
Skin glycogen samples obtained from 3 dogs
were decomposed by a commercial 1-amylase
preparation, which was crystallized twice, accord-
ing to the standard method (16). Tbese experi-
ments resulted in 48, 48 and 51% degradation of
the cutaneous glycogen.
It is generally agreed that maltose is the only
degradation product of fl-amylase action. The
presence of maltose in the degraded skin glycogen
was confirmed by paper chromatography (17). No
other sugar was identified.
5. Elementary analysis: Approximately 20 mg.
of glycogen obtained from 10 skin samples of 5
dogs were subjected to elementary analysis.* The
average results were: C 44.5, H 6.45, N none, Ash
0.4% (ef. Table III).
6. Sedimentation analysis: Samples which were
subjected to analysis were 20 mg of total skin
glycogen obtained from 4 dogs and 50 mg of rabbit
hair glycogen isolated by the method just de-
scribed. The samples were dissolved in 0.1 M
NaC1 solution with a final concentration of 1%,
and subjected to ultracentrifuge-analysis by a
Spinco Model E. Runs were made at 5° C., data
being corrected to 20° C. Tbe samples were centri-
fuged at 29,500 r.p.m. Four exposures at 8-minute
intervals were photographically recorded. Sedi-
mentation coefficients were subsequently calcu-
lated by several measurements of each peak under
* The author is indebted to Dr. William
Sasehek, Department of Chemistry, University
of Chicago, for the elementary analysis of the
cutaneous glyeogen samples.f The author wishes to thank Dr. Eugene Gold-
wasser, Argonne Cancer Research Hospital and
Department of Biochemistry, University of
Chicago, for his guidance in performing the ultra-
centrifugation.
Fm. 2. Sedimentation diagram of skin glyeogen.
Centrifuged at 29,500 r.p.m. Pictures taken after
8 mm. (A) and after 16 mm. (B) of centrifugation.
a microcomparator. Average results of duplicate
experiments of each sample showed 53 5 (S =
X 10's sec.) for dog skin glycogen, 38 S for rabbit
hair glycogen (KOH extraction), and 48 5 for
rabbit hair glyeogen (water extraction),t respec-
tively. Previous data on muscle and liver glycogen
(18—21) were within the range of 44 to 94. The
figure 53 S of dog skin glycogen roughly corre-
sponds to a molecular weight of 2 X 106. Rather
smaller values obtained from hair glyeogen
samples are of interest.
The sedimentation pattern of skin glycogen
samples (fig. 2) showed a polydisperse single peak,
indicating inhomogeneity in its molecular sixe.
This is also the case in liver and muscle glycogen.
Technic of Perfusion of Dog Skin
In the present work the isolated surviving dog
skin perfusion model (24—26) was employed in the
majority of experiments. In this model the possible
interference of extracutaneous factors (hormonal
influences, central nerve impulses, etc.) are elim-
inated. Otherwise, however, the model closely
simulates physiological conditions.
The skin perfusion preparation was used for
perfusion of uniformly labeled C14 D-glueose. Per-
fusions were done with heparinized dog blood,
with saline and with saline containing 0.1%
glucose at 37° C. and 100% relative humidity. The
perfusion times varied from 15 minutes to 2½
hours.
Assay Method for Phosphorylase
Skin samples of adult dogs and of 7—8-week-old
mice were used for determination of cutaneous
phosphorylase activity. The skin, without any
subcutaneous tissue, was rapidly excised in the
cold room, immediately plunged into liquid nitro-
gen, and pounded in a froxen state to a fine frozen
powder in a stainless steel mortar and pestle with
a hammer. Samples weighed 3—S gm. Homogeniza-
t According to Bolliger (22, 23).
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tion was carried out in a Vir-Tis "45" cutting-
homogenizer after addition of 0.2 M sodium fluo-
ride and 0.001 M ethylenediamine tetraaeetie acid
(EDTA) at the ratio of 2 ml. per 1 g wet weight
tissue. These solutions served to hinder conversion
of phosphorylase S (the inactive form) to phos-
phorylase a (the active form), or the reverse reac-
tion (4, 27—29).
Crude enzyme was prepared in the homogenizer,
with the blender rotating at approximately 20,000
r.p.m. Some fibrous residual tissue was centri-
fuged at 1500 r.p.m. for 10 minutes. The clear
supernatant was used for the assay.
In this assay C-i-P is used as a substrate with
glyeogen added as a primer. In such a system only
the activity of phosphorylase a is measured. How-
ever, if muscle adenylie acid is added, phos-
phorylase S is activated and thus higher enzymie
activity ensues.
The method used was essentially that of Con
et at. (30). However, their procedure was modified
to avoid conversion of phosphorylase S to phos-
phorylase a during the assay, and differed from
the standard procedure in the following respects :
1) The enzyme was not preineubated. 2) The assay
mixture was incubated for 15 minutes at 37° C. 3)
The incubation mixture contained glycogea 1%,
glucose-i-phosphate 0.018 M, glyeerophosphate
0.02 M, and muscle adenylie acid (when present)
0.001 M.
After the enzyme was added the eazymic activ-
ity was measured in the direction of synthesis of
glyeogen at pH 6. Under these conditions phos-
phoglucomutase action was minimized and the
phosphorylase reaction was found to be of the
first order. Glyeogen synthesis was estimated as a
function of phosphate liberation. The liberated
inorganic phosphate was measured by the method
of Fiske and SubbaHow (31). Activity of the
enzyme was related to the protein content of the
supernatant. This was estimated aeeodiogr to
Lowry et at. (32).
Assay Method for UDPG-Glycogen Synthetase
Homogenates were prepared as described for
the determination of phosphorylase with the fol-
lowing exceptions: 1) The solutions (pH 7.2)
pipetted into the homogenizer consisted of 0.3 M
sucrose, 0.005 M EDTA, 0.002 M G-6-P, and 0.2 M
fluoride, at the ratio of 1 ml. per 1 g wet weight of
dog skin and 10 ml. per i g wet weight of mouse
skin. 2) Mouse skin samples were easily homoge-
nized directly without making a frozen skin
powder.
The assay procedure was that of Steiner at at.
(33) as modified by Steiner,5 and is based on the
use of UDPG the glucose moiety of which has
been labeled with C14. After incubation one meas-
ures the incorporation of this labeled glucose
moiety into glyeogen. The C'4 UDPG labeled in
its glucose moiety was subjected to column
ehromatographie separation using Dowex i (34),
and an ammonium acetate gradient elution sys-
tem. The final UDPG preparation used as sub-
strate in the assay was 99% pure.
Incubation was carried out at 37° C. in Tris
buffer at pH 7.4. The system included 6.0 pmoles
glycogen, 0.15 Mmoles UDP-glueose-C", 10
zmoles Tris buffer and 50 M1 crude enzyme prepa-
ration. The total volume of the reaction mixture
was 150 pl. After incubation for 30 minutes the
reaction was stopped by addition of 1 ml. of 30%
KOH. Four mg of unlabeled carrier glycogen was
added and the tubes were heated for 5 minutes at
100° C. After cooling in an ice bath, 3 ml. of 95%
ethanol were added to precipitate the glyeogen.
The glycogen was redissolved in 1 ml. water and
again precipitated with ethanol. The walls of the
centrifuge tube were washed with a mixture of
ethanol and hydrochloric acid (1 ml. N HC1 and
25 ml. 95% ethanol). The glycogen was thoroughly
sedimented by centrifugation and dried in a
vacuum desiccator overnight. It was then dis-
solved in 1 ml. of water and 0.8 ml. of the glyeogen
solution was transferred to a planchet for counting
its radioactivity.
Comment on the Isolation of Glycogen from the Skin
Several methods for the isolation of glyeogen
from liver and muscle have been described in the
past. They fall into three categories: namely, i)
extraction after alkali digestion either by hot
KOH (35, 36), or by NaOH (37), 2) acid extrac-
tion with TCA (6, 38), and 3) water extraction
(39, 40). However, none of these methods was
found to be satisfactory for isolation of cutaneous
glyeogen, mainly because of the presence of rela-
tively enormous amounts of ash and large-
molecular nitrogenous compounds.
'The method described in the previous section
appears, at present, to be the only method ap-
plicable to the skin in spite of its being extremely
time-consuming.
It must be emphasized that the deproteiniza-
* The author wishes to thank Dr. D. F. Steiner,
Department of Biochemistry, University ofChicago, for his guidance and for permission to
work in his laboratory.
t Kindly supplied by the Sehwarz Bio-Re-
search, Inc., Mount Vernon, New York.
* The author is indebted to Dr. Mary V. Buell,
Institute for Enzyme Research, University of
Wisconsin, for her helpful suggestions.
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tion and removal of mucopolysaceharides are in-
dispensable steps, for the following reason: The
nse of the anthrone reagent (5, 6, 38, 41, 42) for
determination of glycogen, which has been
adopted by most workers in this field as well as
in the present work, is applicable only if the pro-
tein and mucopolysaccharides are not present as
contaminants. In this regard the treatment of
the crude extract with an anion exchange resin
proved to be one of the most important steps in
the procedure described. The amount of poly-
saccharides, particularly uronides, retained by
the resin and giving a positive anthrone reaction
was 4 to 5 times greater than the amount of pure
cutaneous glycogen. The amount of polyuronides
retained on the column was estimated after elu-
tion with 1.5 M sodium chloride solution by the
carbazol reaction of Disehe (43).
RESULTS
Glycogen Content in Skin
Results of analysis of dog skin and rabbit hair
samples are listed in Table IV. The glycogen
content of total dog skin was found to be 12.8
mg/100 g wet weight, when the samples were ob-
tained during October, November and December,
and 32.2 mg/100 g wet weight, when they were
collected during February, March and April.
This difference in glyeogen content of dog skin
seems to indicate seasonal variations. All values
obtained by the present author are 340 to j,
below the values found by previous workers
(44, 45), obviously because their methods did not
include removal of mueopolysaeeharides.
In 6 samples of dog skin, the epidermis was
carefully scraped off with a razor blade while
stretching the skin. Subsequently glyeogen in the
epidermis and dermis were determined separately.
Related to unit surface area of skin, the amount of
the epidermal glycogen was found to be only
1% of the total glyeogen in fresh tissue. When
the samples were lyopkilized and the glycogen
subsequently estimated in dog tissue, the epi-
dermal glycogen was found to be approximately
10 mg%, and the dermal glycogen 60 mg%, re-
lated to dry weight.
In Table IV, the data show great variations in
glycogen content of the dog skin. It must be
emphasized, however, that in the present work no
attempt was made to standardize the dogs used
for analysis according to age, sex, race and nu-
tritional status.
Three samples of clipped rabbit hair glyeogen
were also analyzed. Water extractable glycogen
by the method of Bolliger (22, 23) was, further-
more, subjected to purification through Dowex 1
TABLE IV
Glycogen content in skin
Sample mg/tOO cm.' mg/tOO g wet wt. mg/too g dry wt.
Dog skin, total
Winter (16)* 1.89 [a = 0.87]t
(0.91—3.43)
12.8 [a = 9.0]
(5.63—26.27)
30.5t
Spring (13)* 3.62 [a = 3.16]
(0.61—13.66)
32.2 [a = 28.3]
(4.8—107.8)
—
—
Dog skin (6)*
Epidermis 0.054 [a = 0.044]
(0.04—0.09)
—
—
11.0 [a = 7.5]
(5.6—15.3)
Dermis 4.45 [a = 3.7]
(2.25—7.06)
—
—
62.2 [a = 36.6]
(30.8—90.3)
Dog hair (3)*
Water extract — — 2.8 [a = 0.11]
KOll extract — — 12.3 [a = 0.49]
Rabbit hair (3)*
Water extract — — 280 [a = 14.9]
KOH extract — — 1290 [a = 60]
* Number in parentheses indicates number of samples analyzed.
t Number in bracket indicates standard deviation [a].
Mean value of two samples.
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anion exchange resin, as described in the previous
chapter. Glycogen content in the rabbit hair was
approximately 300 mg/100 g, when it was ex-
tracted with boiling water and 1,300 mg/100 g in
case of KOH extraction. Dog hair glycogen, how-
ever, was found to be only 12 mg/100 g (KOH ex-
traction) and 2.8 mg/100 g (water extraction).
It remains to be decided whether this huge species
difference is due to differences in the hair cycle.
Incorporation of Perfused C14-Glucose into
Cutaneous Glycogen
In the course of this study 200 experiments
were carried out with perfusion of C' glucose
through surviving isolated dog skin. In all of
them radioactive glycogen could be isolated from
the skin in chemically pure form after perfusions
lasting not longer than 2 hours.
Originally, perfusions were carried out with
C'4 glucose in saline solution without cold glucose
added. In these experiments, the specific activity
of the isolated glycogen was extremely high
(30,000 to 80,000 c.p.m./mg) obviously because
no non-labeled glucose was added to the perfused
solution to compete with the labeled glucose for
incorporation into glycogen. When blood was
perfused the specific radioactivity of the isolated
glycogen was much lower (2,000 to 12,000 c.p.m./
mg). Clearly, the perfused C'4 glucose was diluted
by the glucose content of the blood.
The results of 14 such initial experiments are
given in Table V. The considerable variation of
the results in these experiments may be due to the
fact that experimental conditions were not stand-
ardized either in respect to the type of experi-
mental animal used, or to duration and speed of
perfusion.
In a subsequent series of experiments the skin
flap of one thigh was perfused with blood and that
of the other thigh with saline which, in addition
to labeled glucose, contained cold glucose to
bring the final concentration of total glucose up
to 100 mg% corresponding with the glucose level
of blood. In these experiments the 3 dogs were
perfused under identical conditions, by perfusing
20 c. in 150-ml. perfusion fluid in 30 minutes.
The results of the experiments are given in
Table VI.
The results unequivocally show that if in the
saline solution radioactive glucose is diluted with
non-labeled glucose the specific activity of glyco-
gen is higher after blood transfusions than after
TABLE V
Incorporation of glucose* into glycogen in
perfused skin
Perfusion with saline, 6 45,600 c.p.m./mg
experiments (30,750—79,200)
Perfusion with blood, 8 6,060 c.p.m./mg
experiments (2,270—11,700)
TABLE VI
Incorporation of C' glucose into glycogen in
perfused skin under standardized conditions
Perfusion with
GlucoseSaline,*
c.p.m./mg
Perfusion with
Blood,
c.p.m./mg
Dog ,' 29
Dog ,3l
Dog f 33
720
710
970
3960
4120
3830
saline transfusions. Apparently, perfusion with
blood creates a more favorable condition for up-
take of glucose into glycogen than does perfusion
with saline.
The relative consistency of the results in these
relatively well standardized experiments is note-
worthy.
It was of interest to find out how much of the
total administered radioactivity was taken up by
glycogen. This so-called "% incorporation" was
calculated to be 0.6 to 0.9% in the experiments
with saline perfusions and 1.7 to 3.4% with blood
perfusions (Table VII).
Furthermore, it was established to what degree
the radioactive glycogen had been labeled; in
other words, what percentage of carbon atoms in
the glycogen molecule have become radioactive.
This "% replacement" was calculated to be 0.2
to 0.4% after saline perfusion and 0.9 to 1.1%
after blood perfusion (Table VII).
In the calculations the dilution factor origi-
nating from the presence of non-labeled glucose in
blood was taken into account.
It was of great interest to find out to what de-
gree the epidermis participates in the uptake of
glucose into glycogen. In 4 experiments, after C14
glucose perfusion of the skin (twice with saline
plus 0.1% glucose solution and twice with blood)
the epidermis was scraped off by stretching the
* 20 4c. of D-glucose-C'4, uniformly labeled with
specific activity of 1.2 mc./g.
* See text.
388 THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
TABLE VII
Per cent incorporation of radioactivity into glyco yen
and percentage of radioactive replacement in the
glyco yen molecule
Sample Incorporation Replacement
Glucose-saline perfusions
1 0.61
2 0.83
3 0.90
0.28
0.21
0.38
Blood perfusions
1
2
3
3.43
2.91
1.73
1.05
1.28
0.92
TABLE VIII
Uptake of glucose into glycogen by epidermis and
dermis
Sam 1P e Epidermis(r.p.m/mg)
Dermis
(r.p.m/mg)
1*
2*
3*
4*
St
6t
277
638
512
1,030
4,460
2,800
203
740
583
1,120
4,010
2,450
* Perfusion of 20 Me. of C' glucose in 0.1%
glucose-saline solution for 30 minutes. See text.
f Perfusion of 20 Me. of C' glucose in blood for
30 minutes.
skin and cautiously removing the uppermost
layers with a razor blade. Afterwards, glycogen
was isolated from the epidermis and corium and
the respective specific activities were measured.
The results are given in Table VIII. They show
that glucose incorporation into the glycogen of
epidermis and dermis is approximately the same
whether the perfusion is done with blood or with
0.1 % glucose in saline. The accuracy of these cx-
pei'iments, however, is limited because manipula-
tions in the final precipitation of the minute
amounts of total glycogen in the epidermis is
rather difficult.
Glucose incorporation into the glycogen mole-
cules was also studied as a function of time in 3
perfusion experiments. For this particular pur-
pose, the following modification of perfusion was
used. The skin was first isolated and perfused with
20 c. of 0.1% glucose-saline solution in the usual
fashion. Proximal, distal and central portions,
each representing approximately of the per-
fused flap were removed at 15 minutes, 30
minutes, and 1 hour respectively after the be-
ginning of perfusion while perfusion was con-
tinued at the same rate. Three such perfusion
experiments were carried out, and the specific
activity of each sample was analyzed. The results
are graphically represented in fig. 3 and show a
linear increase of incorporation up to 1 hours.
Biosynthesis of Glycogen
Incorporation of labeled glucose into glycogen
does not necessarily mean de novo formation of
glycogen. It may mean only exchange of glucose
residues on the outer branches of the molecule.
The incorporation of the labeled glucose, how-
ever, can be regarded as true biosynthesis if the
specific activity of the inner core of the glycogen
molecule is about the same as that of the outer
branches.
Cutaneous radioactive glycogen samples iso-
lated after C14 glucose perfusion were subjected
to 3-amylase degradation whereby outer and
CPfl/I (x:o
Fin. 3. Incorporation of C14 glucose into skin
glycogen as a function of time.
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TABLE IX
Distribution of radioactivity measured by
jl-amytase degradation
Specific activity of inner tiers taken as 1. The
figures indicate specific activity of outer tiers.
Perfusion with S of Samples Average Range
Saline 6 2.8±1.26* 1.0—4.1
Blood 10 0.86±0.53* 0.4—2.0
* Standard error of mean.
inner tiers of the glyeogen molecule were sepa-
rated approximately in the ratio 1:1. Specific
activity was then separately determined in the
degraded outer tiers and the non-degraded inner
tiers.
It was found that after blood perfusions the
specific activities of outer and inner tiers were on
the average approximately equal indicating true
biosynthesis of glycogen in the skin. After saline
perfusion, in the majority of experiments, mainly
the outer branches were found to be labeled
(Table IX). In these 16 degradation experiments
variations were rather great, mainly because the
perfusion experiments were not standardized.
Pho.sphorytase and UDPG-Gtycogen Synthetase
Activity in the Skin
Both phosphorylase and TJDPG-glyeogen syn-
thetase activities could be demonstrated and
assayed in dog and mouse skin samples.
Both the active phosphorylase and the inactive
phosphorylase could be demonstrated in the skin.
Moreover, the inactive phosphorylase could be
activated by addition of adenylie acid as can
muscle phosphorylase (Table X).
By the use of UDPG labeled in the glucose
moiety, the glycogen synthesis starting from
UDPG could be directly demonstrated and as-
sayed in the skin (Table XI). TJDPG-glyeogen
synthetase activity in mouse skin is approxi-
mately j. of the activity in liver.
Effect of X-Rays
On the basis of histoehemical observations it
was assumed that some cells of the skin accumu-
late glyeogen when in a resting state and that
this glycogen is used up as a source of energy
when metabolism is stimulated. For instance, all
cells in the basal layer of early fetal mammalian
epidermis are loaded with glycogen except those
TABLE X
Phosphorytase activity* in the skin
TABLE XI
UDPG-glycogen synthetase activity in the skin
pmoles5/hr./g
skin, wet wt.
21.7
(18.3—26.5)
3.36
(2.25—4.46)
* Calculated as glucose-C'4 incorporated.
which are in mitotie division (46); the glyeogen
of the secretory cells of eecrine sweat glands dis-
appears when the glands are stimulated (47—49);
accumulation of glycogen in the epidermis of
healing wounds is well known (50), and this
glyeogen disappears at the level where the cells
start to keratinize (51—53). It was assumed that
epithelial cells will accumulate glyeogen if their
metabolism is experimentally suppressed (54).
On this basis it was attempted to find out what
happens to C'4 glucose uptake into glycogen in
the skin under the influence of x-ray irradiation
which supposedly suppresses metabolism.
In 7 experiments one thigh of the dog after
clipping of the hair was irradiated in cieo with a
Maxitron 250 machine, 800 r-s, 250 kV, 30 MA
and 1 mm. Al filtration. This dose corresponds
to one erythema dose in the dog (55). Twenty-
four hours later the skin flaps of both thighs, ir-
radiated and non-irradiated, were perfused under
identical conditions with blood or saline con-
taining C'4-glucose. Glyeogen was isolated from
both sites and specific activities were counted.
The results are given in Table XII. In all ex-
periments the glucose uptake into glyeogen was
Phosphor- Phosphor-
ylase (a + b) ylase (r)
91.3
100.3
20.5
27.6
32.9
Ratio
P-ase a
P-ase
a+b
45
43
75
72
88
41.3
43.3
15.4
19.8
29.0
Mouse 1
2
Dog 1
2
3
* The activity is expressed in millimicromoles of
inorganic phosphate liberated per minute per mg
protein of the crnde enzyme.
Mouse
(6 samples)
Dog
(4 samples)
mpmsles5/hr./mg
protein
246
(208—301)
51.3
(32.5—72.5)
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TABLE XII
Effect of x-rays on incorporation of C'4-ylucose
into glyco yen
A single dose of 800 r (250 kY, 1 mm Al, 30 MA)
was given to one thigh 24 hours priorto perfusion.
A: Perfusion with saline plus C"-glueose (20
B: Perfusion with blood plus C"-glueose
(20 pc).
Non-irradiated Skin
(Glycngen rpm/mg)
Irradiated Skin
(Glyrogen
rpm/mg)
Per rent Jnrrease
A. 36,900 68,200 82
28,700 61,500 114
26,600 49,200 85
B. 4,110 5,580 36
2,290 3,680 60
5,130 11,730 115
4,730 11,440 140
Ave 90.3±13.1*
* Standard error of mean.
found to be significantly greater on the irradiated
side.
It was postulated that the effect may be due to
a radiation-induced alteration in the relative
rates of synthetic and degradative pathways.
Therefore, the UDPG-glyeogen synthetase and
phosphorylase activities were determined 24
hours after the in eivo x-ray irradiation.
As shown in Table XIII, phosphorylase ac-
tivity decreased after the irradiation (—21.4
5.4%), while the synthetase activity increased
(+22.9 7.8%).
The time relations of this x-ray effect were also
investigated in a series of 36 standardized per-
fusion experiments on 18 dogs. The inner aspect
of the thigh was irradiated in eivo with a single
erythema dose of x-ray as just described. The
solution used for each perfusion was 10 tic. of C'4
glucose, specific activity of 4.666 me/mM (Yolk
Company, Chicago, Illinois), in 200 ml. of
saline solution to which non-labeled D-glucose
was added to a final concentration of 0.1% glu-
cose solution. The time required for an operation
to obtain the perfusion model was 30 minutes 5
minutes. Prior to the C" glucose perfusion, non-
labeled 0.1% glucose saline solution was perfused
for 3 minutes to replace blood in the tissue and to
obtain more homogeneous initial conditions. The
rate of perfusion was 5.7 ml./min., so that each
perfusion experiment was completed in 35 3
minutes. The pressure required for the perfusion
(800 mm 11,0 in average) was kept equal for
irradiated and non-irradiated sides. No signifi-
cant edema of the skin was observed after 25
minutes of perfusion.
Experiments in which these conditions of
standardization could not be maintained were
discarded. The incorporation of C'4 glucose was
estimated after 2, 6, 18, 24, 48, and 72 hours of
irradiation.
Fig. 4 shows that-the-increase of glucose up-
take into glycogen starts 18 hours after irradia-
tion, reaches a maximum approximately at 24
hours and lasts for about 24 hours longer. Re-
markably enough, the increased glucose uptake
is not associated with an absolute increase in
glycogen content.
Hair Growth and Glycogen Metabolism
It is well known that while growing hair fol-
licles are rich in glycogen, much less is found in
the resting phase of hair growth (56).
To study the dynamic metabolism of this
TABLE XIII
Effect of x-rays on phosphorylase and
UDPG-ylyco yen synthetase
A single dose of 800 r (250 kV, 1 mm Al, 30 MA)
was given to one thigh of dog 24 hours prior to the
assay.
A: phosphorylase activity, expressed as
mpmoles/min./mg protein.
-B: IJDPG-glycogen synthetnse, mpmoles/hr./
mg protein.
Non-irradiated Skin Irradiated Skin
A. 24.5 16.5 —32.6
32.9 23.6 —28.3
16.4 14.0 —14.6
16.1 14.5 —9.9
Ave
B. 45.1 59.8 +32.6
51.9 57.1 +10.0
31.3 39.7 +26.8
65.0 79.4 +22.2
Ave +22.9±7.8*
* Standard error of mean.
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FIG. 4. Effect of x-rays on incorporation of glucose into skin glycogen. One thigh of the dog was ir-
radiated with one erythema dose of x-rays, prior to the perfusion experiments at different times. The
non-irradiated thigh was used as control. Changes in specific activity of newly formed glycogen in ir-
radiated and non-irradiated skin were compared. Values are expressed as percentage ratio of specific
activities of glycogen of irradiated and control sides.
change during the hair cycle the following ex-
periments were carried out.
The hair on one thigh of the dog was epilated
with hair-removing wax which removed about
80% of the hairs with their roots. The hair on the
other thigh was simply clipped off with an electric
clipper. Subsequently, 10 tc. of C'4 glucose in
0.1% glucose-saline solution was perfused under
standardized conditions, as described in the pre-
vious section. Rates of glucose incorporation as
well as total glycogen content in both skin
samples were compared.
The growth rate of hairs on the plucked and
non-plucked sides was measured according to the
method of Comben (57). The rates of growth up
to 3 weeks was 0.25 mm./day on the plucked side
and 0.05 mm./day on the clipped side. In other
words, growth occurred on both sides, but on the
average it was 5 times as fast on the plucked side.
Results of experiments on 12 dogs are sum-
marized in fig. 5, which shows that glycogen ac-
cumulation is preceded by an increase of glucose
incorporation for approximately 10 days. With
the increasing accumulation of glycogen the
glucose uptake into glycogen decreases pre-
cipitously.
Statistical analysis* revealed that both the
initial increase of glucose incorporation and its
subsequent decrease, as well as changes in abso-
lute glyeogen content are highly significant.
DISCUSSION
Glycogen is not a rigidly defined substance in-
sofar as in glycogen samples of the same source
populations of "glycogens" with different molec-
ular weights are found (4). Glycogen is defined
chemically as a branching polysaccharide con-
taining only D-glucosyl units without specifica-
tion of the molecular weight. The definition of
our skin glycogcn must include the additional
specification that it is obtained by hot KOH
digestion ("KOH glycogen").
With this definition in mind it can be stated
that the glycogen content of mammalian skin is
3 to 10 times lower than hitherto reported (44,
45). It must be assumed that previous workers
were unable to achieve efficient separation of
glycogen from mucopolysaecharides and from
glycogen-protein complexes.
* The author wishes to thank Dr. Paul Meier
and Mr. J. Marshall, Department of Statistics,
University of Chicago, for the statistical analysis.
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EFFECT OF X-RAY IRRADIATION ON GLUCOSE
INCORPORATION INTO CUTANEOUS GLYCOGEN
+
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GLUCOSE INCORPORATION AND ABSOLUTE CONTENT IN GLYCOGEN
OF SKIN AFTER PLUCKING HAIRS AS COMPARED
WITH SKIN WITHOUT PRIOR PLUCKING
Glucose Incorporation
Absolute Content
In the present work it has been demonstrated
that the skin contains the same enzyme systems
for synthesis and degradation of glycogen as do
internal organs. Branching and debranching
enzymes were not investigated.
The discovery of UDPG-glycogen synthetase
in liver (58) and later in muscle, heart, brain,
spleen, kidney, and lung is fairly recent (4,
59—64), but by now, it is generally accepted that
the UDPG pathway is the major route of glyco-
genesis. The results here presented show that
this is true also for cutaneous glycogen. The maxi-
mum rate of incorporation of radioactive glucose
from UDPG into glycogen in skin homogenates
in vitro was found to be 4.46 moles/hr./g tissue.
This compares with the maximum incorporation
of radioactive glucose in perfusion experiments
of 3.15 jimoles/hr. /g tissue. The ratio of these
figures (4.66/3.15) is fairly close to the ratio ob-
tained from rat liver (33) which is 2/1, when in
vitro and in vivo experiments are compared. In
addition to other theoretical and experimental
considerations and data, this relationship indi-
cates that the UDPG is the principal precursor of
glycogen synthesis in the dog skin.
In spite of the small quantities of glycogen
present in the skin its metabolic significance, par-
ticularly in the specific metabolic functions of
the skin (65) may be crucial. If so, it can be
postulated that the synthesis and degradation of
glycogen in the skin is a rapid and dynamic
process. The present work indicates that this
actually is the case. In perfusion experiments with
radioactive labeled glucose which maximally
lasted 2j4 hours radioactive glycogen could be
obtained from the perfused skin with equal label-
ing of the inner core and outer branches. Similar
events were demonstrated in the rat liver 12
hours after injection of C'4 glucose in vivo (3, 4).
If it is taken into consideration that the liver
contains 100 to 170 times as much glycogen
(3,000 to 5,000 mg% wet wt.) as does skin, rates
of the synthesis of cutaneous glycogen calculated
from both dog perfusion experiments (in vivo
glycogenesis) and IJDPG-glycogen synthetase
assay (in vitro glycogenesis) are greater than that
of liver glycogen. In vitro experiments in the
mouse show an even higher relative activity (20
jimoles/hr./g tissue in skin versus 60 pmoles/hr./
g tissue in liver);
Previous data have indicated that ionizing
radiation causes an initial decrease followed by an
increase in the glycogen content of the liver (66—
70). In the present work a pronounced increase of
glucose incorporation into cutaneous glycogcn
could be demonstrated 24 hours after x-ray ir-
radiation of the skin in vivo. The enzyme studies
seem to indicate that phosphorylasc activity in
the skin is weakened after irradiation while at
the same time there is an increase of glycogcn-
+
+1
Fm. 5. Changes in glucose incorporation into cutaneous glycogen and total glycogen contents of skin,
related to hair growth.
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synthetase activity. It is obvious that a dysbal-
ance of these two enzymes brought about by
radiation may disturb the dynamics of glyeogen
metabolism.
It is interesting to note that ultraviolet ir-
radiation with a hot mercury vapor lamp was
found to have a similar effect to x-rays, if the skin
was analyzed 24 hours after irradiation with a
minimal erythema dose, but these results were not
consistent (27.4% increase in the average, border-
line significance at 5% level).
Our results clearly show that glycogen turn
over must be clearly distinguished from glyeogen
accumulation. This is particularly obvious in the
case of the hair experiments. An increase in so-
called "flux-in" rate for about 10 days finally
leads to glyeogen accumulation so that new glyeo-
gen may serve as an energy source for subsequent
metabolic processes.
It appears that the steady state in which the
rates of flux-in and flux-out are balanced can be
easily destroyed either by physiological stimuli
of the hair cycle or unphysiologieal conditions
such as ionizing radiation or in a dysbalaneed
hormonal status. Twenty units of insulin given
to our perfused skin model together with C" glu-
cose caused an average 30% increase in total
glycogen content while its specific activity re-
mained the same.* In other words, the rate of
flux-in was unchanged but that of flux-out was
decreased. As a result, glyeogen accumulation oc-
curred. The steady state was thrown out of bal-
ance.
SUMMARY
1. Chemically pure glycogen was isolated from
the dog skin.
2. The amount of glycogen in the skin is only
'Ie to 3j of the amounts previously reported.
3. After perfusion of surviving isolated dog
skin with C'4-labeled glucose chemically pure
radioactive glyeogen was recovered.
4. Dc novo biosynthesis of glycogen in the skin
was demonstrated and it was shown that this is
a rapid and continuous process.
5. Phosphorylase and UDPG glycogen syn-
thetase activities were demonstrated in the skin.
Main precursor of cutaneous glyeogen synthesis
is uridine diphosphate glucose.
6. X-ray irradiation causes an increase of
* These experiments will be reported in detail
elsewhere.
glucose incorporation into glyeogen. This seems
to be due to a dysbalance of synthetic and deg-
radative enzyme activities.
7. Epidermis and eorium seem to participate
equally in glyeogen metabolism.
8. The glyeogen accumulation in growing hair
is preceded by a long period of increased glucose
incorporation into glycogen. When the glyeogen
content is high, the rate of glucose uptake is no
longer accelerated.
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DISCUSSION
DR. KENJI ADACHI (in closing): I would like in previous reports. Earlier workers used methods
to add one remark on the glyeogen content of the of isolation without regard to contamination by
skin. This we have found to be 30 milligram per- mucopolysaceharides and possibly glyeogen-pro-
cent wet weight tissue, which is between one tein complexes. Apparently this is the reason for
tenth and one third of the concentrations given the higher values quoted in the literature.
